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Background/Aims
The sensitivity of the upper and lower esophageal mucosa to acid is considered to differ. We investigated the relationship between 
pH changes in different sites of the esophagus and generation of gastroesophageal reflux symptoms during an acid infusion test.

Methods
An acid infusion catheter was placed at 5 or 15 cm above the lower esophageal sphincter (LES) in 18 healthy volunteers, 
while a 2-channel pH sensor catheter was also placed in each with the sensors set at 5 and 15 cm above the LES. Solutions 
containing water and hydrochloric acid at different concentrations were infused through the infusion catheter.

Results
Acid infusion in the upper esophagus caused a pH drop in both upper and lower esophageal sites, whereas that in the lower 
esophagus resulted in a significant pH drop only in the lower without a corresponding pH decline in the upper esophagus. 
Stronger heartburn, chest pain, and chest oppression symptoms were noted when acid was infused in the upper as compared 
to the lower esophagus, while increased intra-esophageal acidity strengthened each symptom. Regurgitations caused by upper 
and lower esophageal acid infusions were similar, and not worsened by a larger drop in intra-esophageal pH. Chest pain was 
caused only by lowered intra-esophageal pH, while heartburn, chest oppression, and regurgitation were induced by a less acidic solution.

Conclusions
Higher intra-esophageal acidity caused stronger heartburn, chest pain, and chest oppression symptoms. However, regurgitation was 
not significantly influenced by intra-esophageal acidity. The upper esophagus showed higher acid sensitivity than the lower esophagus.
(J Neurogastroenterol Motil 2013;19:503-508)
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Introduction
Gastroesophageal acid reflux is the main triggering factor 

that causes gastroesophageal reflux disease (GERD) symptoms, 
such as heartburn and regurgitation, though the mechanisms that 
generate these symptoms are not fully understood. Based on pre-
vious studies that utilized 24-hour esophageal multiple pH mon-
itoring and impedance-pH monitoring, the sensitivity of the up-
per and lower esophageal mucosa to gastroesophageal acid reflux 
is considered to differ, resulting in different symptom severity de-
pending on the level reached by reflux contents.1-4 Acid infusion 
from an intra-luminal catheter at different sites of the esophagus 
also demonstrated that the sensitivity to acid is different in differ-
ent parts of the esophagus.5,6 However, pH changes in different 
sites of the esophagus during acid infusion have not been inves-
tigated, nor has the co-relationship between intra-esophageal 
acidity and GERD symptoms during acid infusion been studied. 
We examined the relationship between upper and lower esoph-
ageal pH changes, and generation of GERD symptoms during 
intra-esophageal acid infusion.

Materials and Methods
Eighteen healthy volunteers (10 males, 8 females; mean age, 

25.6 ± 2.0 years) without gastrointestinal symptoms were en-
rolled as study subjects. None had a history of gastrointestinal 
surgery or administration of drugs that might influence gastro-
intestinal motility or acid secretion. All subjects underwent an up-
per gastrointestinal endoscopy examination within 3 months prior 
to the study to ensure that there were no lesions.

The subjects were instructed and confirmed that heartburn 
was defined as a burning sensation in the retrosternal area, regur-
gitation was a sensation of upward movement of liquid into the 
mouth, hypopharynx, or upper esophagus, and chest oppression 
was a sensation that something is caught or jammed in the 
esophagus.

After at least 4 hours of fasting, the location of the lower 
esophageal sphincter (LES) was determined using manometry, 
then a thin nasogastric feeding tube was inserted in a transnasal 
manner into the esophagus and placed at 5 (lower esophagus) or 
15 (upper esophagus) cm above the LES. A 2-channel pH sen-
sor catheter was also inserted transnasally into the esophagus after 
calibration at pH 1.0 and 7.0, according to the instructions of the 
manufacturer, and placed to set the sensors at 5 and 15 cm above 

the LES. The subjects sat in a stable chair with a 45o angled back 
and rested for 30 minutes, then distilled water at room temper-
ature was infused for 15 minutes at a constant speed of 5 mL/mi-
nute with a syringe pump. Next, without informing the subject of 
the timing of the switch from distilled water, 7 different solutions 
with varying concentrations of hydrochloric acid (HCl) (10-7 to 
10-1 M) at room temperature were serially infused at a speed of 5 
mL/minute for 3 minutes at each concentration, starting with the 
lowest. The subjects recorded the severity of 4 GERD symptoms 
(heartburn, chest pain, chest oppression and regurgitation) each 
minute using a visual analog scale. A 10 cm rating line was used 
to rate ‘no symptoms’ at 0 to ‘worst level of symptoms’ at 10 cm. 
The subjects were not informed regarding the intra-esophageal 
sites of acid infusion, types of infused solutions, or timing of the 
alteration of solutions. In addition, subjects were instructed to 
spit saliva without swallowing during the test. When they had dif-
ficulty with spitting saliva, a piece of gauze was kept in the mouth 
to prevent the swallowing. These esophageal acid infusion tests in 
the upper and lower esophagus were performed in all subjects on 
separate days using a crossover design with an interval of at least 
1 week.

The study was performed according to the World Medical 
Association Declaration of Helsinki. The study protocol was ap-
proved by the ethical committee of Shimane University School of 
Medicine and written informed consent was obtained from each 
of the enrolled subjects.

Statistical Methods
Data are expressed as the mean ± SE. Statistical analysis was 

performed using a paired t test for comparisons of paired data. All 
calculations were done with the Stat View 5.0 software package 
for Macintosh (Abacus Concepts Inc, Berkeley, CA, USA). 
Differences at P ＜ 0.05 were considered to be statistically 
significant.

Results
We successfully measured pH changes in the esophagus dur-

ing acid infusion in different sites of the esophagus in all 18 study 
subjects without any adverse events. Acid infusion in the upper 
esophagus caused dose-dependent pH drops in both the upper 
and lower esophagus (Fig. 1A). In contrast, infusion in the lower 
esophagus resulted in a significant pH drop only in the lower 
esophagus without a corresponding pH decline in the upper 
esophagus (Fig. 1B).
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Figure 1. pH changes in upper (black open circles) and lower (black closed circles) esophagus during water and acid infusion in the (A) upper and
(B) lower esophagus. The vertical axis shows the mean pH values during a 3-minute infusion of the same solution, while the horizontal axis shows the
concentration of the infused hydrochloric acid (HCl) solution. The concentration of the HCl solution is higher toward the right, with 0.1 M HCl the 
highest value. Each dot represents a mean value. *P ＜ 0.05, significant difference between upper and lower esophagus.

The severity of heartburn during acid infusion in the upper 
esophagus was significantly higher than that in the lower esoph-
agus (Fig. 2A). Furthermore, the severity of chest pain and chest 
oppression symptoms during acid infusion in the upper esoph-
agus was also higher than that in the lower esophagus, though the 
difference did not reach a statistically significant level (Fig. 2B 
and 2C). These 3 symptoms became stronger with infusion of 
higher acidic solutions. During acid infusion in the lower esoph-
agus, the severity of heartburn and chest pain was remarkably in-
creased only after the infusion of 10-1 M HCl, the highest acidic 
level, suggesting a higher sensory threshold to acid in the lower 
esophagus. In contrast, regurgitations caused by upper and lower 
esophageal acid infusion were similar, and their severity did not 
remarkably change with infusion of a higher acidic solution (Fig. 
2D). These results suggest that regurgitation is induced regard-
less of the pH value, different from heartburn and chest pain 
symptoms.

To compare the level of acidity that causes each symptom, the 
mean intra-esophageal pH levels that initially caused the symp-
toms were calculated, with the results shown in Figure 3. During 
acid infusion in the lower esophagus, chest pain was initiated at a 
lower intra-esophageal pH level as compared to heartburn (P = 
0.005), chest oppression (P = 0.028) and regurgitation (P = 
0.035).

Discussion
There are several investigations for factors that influence 

generation of GERD symptoms, including duration of acid re-
flux events, lower nadir pH, large pH drop and proximal extent 
of acidic refluxate.1-4 The sensitivity to acid has been suggested to 
differ between the upper and lower esophageal mucosa in studies 
that utilized acid infusion in the esophagus.5,6 To the best of our 
knowledge, this is the first study to demonstrate a relationship be-
tween pH changes in different sites of the esophagus and gen-
eration of GERD symptoms during acid infusion in the upper 
and lower esophagus. The status of Helicobacter pylori infection 
was not examined in this study, since it is not considered to be an 
important factor for determining baseline intra-esophageal pH in 
normal asymptomatic volunteers.

Smith et al7 investigated symptoms generated by infusions of 
different concentrations of HCl solutions in the lower esophagus 
and reported that the incidence of pain increased with increasing 
acidity in the lower esophagus. Our results showed that lower in-
tra-esophageal pH was related to more severe heartburn, chest 
pain and chest oppression, not only during acid infusion in the 
upper esophagus but also that in the lower esophagus. Therefore, 
those 3 symptoms may be generated by hydrogen-ion sensitive 
receptors. In contrast, the severity of regurgitation was not aug-
mented by increased acidity of the infused solution. It was re-
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Figure 2. Generation of reflux symptoms during water and acid infusion in the upper (black open markers) and lower (black closed markers) 
esophagus. The vertical axis shows the mean scores for reflux symptoms (A-D) during a 3-minute infusion of the same solution, while the horizontal
axis shows the concentration of the infused hydrochloric acid (HCl) solution. The concentration of the HCl solution is higher toward the right, with
0.1 M HCl the highest value. *P ＜ 0.05, significantly different between upper and lower infusion.

cently reported that regurgitation is less responsive to acid sup-
pression therapy than heartburn in GERD patients.8 Therefore, 
the mechanism related to sense of regurgitation may be different 
from that of heartburn. Regurgitation may be more highly asso-
ciated with the volume of refluxate in the esophagus than acidity, 
though we were unable to investigate the influence of speed or 
volume of the infused solution on generation of regurgitation in 
the present study. In a separate study, we investigated possible 
pooling of the infused solution in the esophagus in 2 subjects. 
When a diluted contrast agent was infused into the esophagus at 
the same speed and position as in the present study, fluoroscopic 

imaging showed that most of the infused solution flowed into the 
stomach without remaining in the esophagus. Therefore, we con-
sider that the infused fluid did not remain in the esophagus in the 
present subjects and generation of GERD symptoms was not af-
fected by that infusion.

The severity of heartburn, chest pain, and chest oppression 
during acid infusion in the upper esophagus was higher than that 
during acid infusion in the lower esophagus, though pH in the 
lower esophagus during infusion in the lower esophagus was sim-
ilar to that during infusion in the upper esophagus. Therefore, 
the sensitivity to heartburn, chest pain, and chest oppression in 
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Figure 3. Mean intra-esophageal pH value that causes symptoms. 
Open markers represent the mean upper esophageal pH to initially cause 
symptoms during upper esophageal infusion and closed markers 
represent the mean lower esophageal pH to initially cause symptoms 
during lower esophageal infusion. Each symptom showed a different 
threshold to the acidic solution. Higher acidity tended to be necessary to
cause symptoms when the solution was infused in the lower esophagus. 
Vertical lines represent the mean ± SE.

the esophageal mucosa of the upper esophagus is considered to be 
greater than that in lower esophagus, as previous studies have also 
suggested.1-6 In rats, a denser supply of vagal mucosal afferent fi-
bers was found in the upper esophagus, while sensory signals de-
tected by specialized sensory structures were reported to travel 
mainly through the superior laryngeal nerve to their perikarya lo-
cated in the cranial part of the vagal sensory ganglionic complex.9 
Thus, the differences in sensitivity to heartburn, chest pain, and 
chest oppression may be caused by variations in mucosal in-
nervations between the upper and lower esophagus, though no 
information from human studies is presently available.

This study has several limitations. First, the subjects were 
young healthy volunteers without GERD symptoms, and sensi-
tivity to acid has been reported to be different among patients 
with non-erosive reflux disease, patients with reflux esophagitis, 
and normal individuals.10,11 The present symptom scores ob-
served during acid infusion were consistent among the subjects 
and varied only slightly, as they were asymptomatic healthy vol-
unteers. Therefore, further investigation using GERD patients is 
needed to clarify the relationship between pH changes in differ-
ent sites of the esophagus and generation of GERD symptoms 
during acid infusion, though a difference in sensitivity to acid be-
tween the upper and lower esophagus is also considered to be 
present in those patients.1-5 It was previously reported that an 
esophageal acid infusion induced stronger reflux symptoms in 

GERD patients compared to healthy controls.12 Indeed, the 
symptoms observed in our study were not strong. However, be-
cause of the normal architecture of the esophageal mucosa pres-
ent in our subjects, the symptomatic responses were considered to 
be more consistent. This may be the reason for the consistent re-
sults of the present study, even though the symptoms caused by 
acid infusion were not strong. Some of the present subjects did 
not report any GERD symptoms during acid infusion. Thus, 
quicker infusions and higher volumes may be necessary in the fu-
ture study for resistant subjects. Second, acid infusion in the up-
per esophagus also provokes mucosal exposure to acid in the low-
er esophagus. A larger area of esophageal mucosa exposed to acid 
may cause stronger GERD symptoms, since a larger number of 
acid sensors present on the esophageal mucosa are considered to 
be stimulated. Infusion into the lower esophagus is the standard 
procedure used for esophageal acid infusion testing,9,13 thus acid 
infusion in the upper esophagus was considered to simultaneou-
sly stimulate the upper and lower esophagus, while that in the 
lower esophagus stimulated only the lower esophagus in the pres-
ent subjects. Further study may be necessary with a novel method 
that selectively and separately stimulates the upper and the lower 
esophagus.

In conclusion, we found that sensitivity to acid in the upper 
esophagus was higher than that in the lower esophagus in our 
normal subjects. Furthermore, in contrast to other reflux symp-
toms, regurgitation was not augmented by increasing the acidity 
of the infused solution.
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